Introduction
Cancer cells are recognized by the immune system as foreign objects, and are destroyed by immune cells (1) .
However, cancer cells are known to evade the antitumor immune response by multiple immunosuppressive mechanisms, such as i) losing major histocompatibility complex (MHC) molecules so as to avoid recognition by immune cells (2) , ii) producing immunosuppressive cytokines (3), and iii) inducing immunosuppressive cells including myeloid derived suppressor cells (MDSCs) (4) and regulatory T cells (Tregs) (5) to interfere with attack by other immune cells. In particular, MDSCs and Tregs have been focused on and studied recently as targets of cancer therapy.
Regulatory T cells are one of immune suppressor cells and play an important role in maintaining immunological tolerance. However, this mechanism is one of the main obstacles to overcome when attempting to improve antitumor immunity. In fact, the accumulation of Tregs in tumor tissues (6) and peripheral blood (7) is correlated with poor prognosis in patients with cancer. Recently, several studies have also reported the importance of a balance between immune effective cells and immune suppressor cells. For example, the CD8 + T cell/Treg ratio was found to be associated with overall survival time in patients with colorectal cancer (8) . These studies, thus, show that Tregs are the major player in suppressing antitumor effects. Various methods to deplete Tregs have been evaluated in clinical trials (9) (10) (11) . Previous studies have demonstrated that naïve T cells differentiate into Tregs in the presence of TGF-β in the periphery (12, 13) . Therefore, TGF-β plays a critical role in the induction and maintenance of Tregs.
PSK is a protein-bound polysaccharide purified from the mycelium of Corious versicolor, and has been used in Japan as an adjuvant therapy for gastric and colorectal cancer in combination with chemotherapy, and as an adjuvant treatment for small cell lung cancer in combination with chemoradiotherapy. Various actions of protein-bound polysaccharide-K (PSK) have been reported, such as direct suppression of tumor growth (14) and induction of cytokine production (15, 16) . PSK has also been reported to improve the immunosuppressive state of tumor-bearing hosts by suppressing TGF-β activity in vitro (17) and in vivo (18) .
We, therefore, hypothesized that PSK reduces Tregs through suppression of TGF-β resulting in augmentation of antitumor immunity. In fact, a clinical trial previously reported that PSK reduces the proportion of Tregs in the peripheral Protein-bound polysaccharide-K reduces the proportion of regulatory T cells in vitro and in vivo RIEKO AOKI 1, 2 blood of gastric cancer patients (19) . However, the relationship between PSK and Tregs as well as the mechanism by which PSK reduces the proportion of Tregs remain unclear. In the present study, we investigated whether PSK affects Tregs in vitro and in vivo, and found that reduction of TGF-β by PSK decreases the proportion of Tregs in the spleen and augments antitumor immunity.
Materials and methods
Mice. C57BL/6 and BALB/c female mice were purchased from Charles River Laboratories Japan, Inc. (Yokohama, Japan). All animals were maintained under a specific pathogenfree condition. BALB/c mice were used in experiments at 6 weeks of age. C57BL/6 mice were used from 6 weeks to 12 weeks of age. Regulatory T cell conversion assay. Spleens from C57BL/6 mice were gently minced into single-cell suspensions in complete RPMI-1640 containing 10% fetal bovine serum (FBS) (BioWest, Nuaillé, France), and CD4 + CD25 -T cells were purified using MACS beads (Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of the CD4 + CD25 -T cells was confirmed to be >90% by flow cytometry. These cells were suspended in RPMI-1640 supplemented with 10% FBS, 1 mmol/l sodium pyruvate, 2 mmol/l L-glutamine, non-essential amino acids, 25 mmol/l HEPES buffer and 50 µmol/l 2-mercaptoethanol. The cell suspension was adjusted to a density of 1x10 6 cells/ml and used in the conversion assays.
For conversion to Tregs, CD4 + CD25 -cells were cultured with 2 µg/ml of the anti-CD3 antibody and 2 µg/ml of the anti-CD28 antibody in the presence of 20 U/ml recombinant human IL-2 (PeproTech Inc., Rocky Hill, NJ, USA) and 2 ng/ml recombinant TGF-β (R&D Systems, Minneapolis, MN, USA) for 4 days in a 96-well plate. After incubation, the proportions of Tregs were analyzed by a flow cytometer.
Depletion of Tregs. BALB/c mice were inoculated subcutaneously with 1x10 6 methylcholanthrene-induced fibrosarcoma (Meth A) cells on day 0. These mice were injected intraperitoneally with 500 µg of the anti-CD25 antibody on days 1, 7, 14 and 21 to selectively deplete CD25 + cells. Control mice were administered rat IgG. Tumor size was measured using calipers twice a week.
Antitumor effect following administration of PSK in vivo.
BALB/c mice were inoculated subcutaneously with 1x10 6 Meth A cells on day 0. From day 1, the mice received intraperitoneal injection of PSK (50 mg/kg) three times per week. Control mice were administered saline intraperitoneally. Tumor size was measured twice a week. After 4 weeks, all mice were euthanized, and the tumor weights were measured. The proportion of Tregs and the CD8 + cell-to-Treg cell (CD8 + /Treg) ratio in the spleen, plasma TGF-β concentration and IFN-γ production by spleen cells were also measured.
Flow cytometry. The proportions of regulatory T cells were measured using a Mouse Regulatory T cell staining kit (eBioscience). In brief, the cells from the in vitro Treg conversion assay were stained with the FITC-anti-CD4 and APC-anti-CD25 antibodies, and then suspended in Fix/Perm buffer and incubated. The cells were washed with permeabilization buffer and stained with the anti-mouse Foxp3 antibody. After washing with permeabilization buffer, the cells were analyzed by a FACScalibur flow cytometer (BD Biosciences).
For the in vivo study, spleens from mice were minced into single-cell suspensions in complete RPMI-1640 containing 10% FBS, and monolayer cells were also stained with the FITC-anti-CD4, APC-anti-CD25, PE-anti-Foxp3, and PerCPanti-CD8a antibodies following the above protocol.
The data were analyzed using FlowJo software (Tomy Digital Biology Co., Ltd., Tokyo, Japan 
Measurement of TGF-β in plasma.
Blood from mice was collected into tubes containing EDTA (BD Biosciences) and centrifuged at 1000 x g for 20 min at 4˚C. The plasma samples were collected into fresh tubes and centrifuged again at 10,000 x g for 10 min at 4˚C. The supernatant was used to determine the plasma TGF-β1 level by a Canine/Mouse/Porcine/Rat TGF-β1 Quantikine ELISA kit (R&D Systems). 6 ) obtained from the mice in the in vivo study were cultured with Meth A cells (5x10 4 ) pretreated with 50 µg/ml mitomycin-C (MMC) for 45 min. After 2 days, the cell culture supernatants were collected, and the levels of IFN-γ were measured using a Mouse IFN-gamma Quantikine ELISA kit (R&D Systems).
Measurement of IFN-γ production by spleen cells. Spleen cells (5x10
Statistical analysis. Data are presented as means ± standard error of the mean (SE). Statistical analyses were performed using Student's t-test and Mann-Whitney U test. P-values <0.05 were considered to indicate statistically significant results.
Results

PSK reduces the proportion of TGF-β-induced Tregs in vitro.
We first confirmed whether Tregs were induced by TGF-β from CD4 + CD25 -T cells by an in vitro conversion assay. After culturing CD4 + CD25 -T cells for 4 days in the presence of TGF-β, the proportion (mean ± SE) of CD25 +
Foxp3
+ cells to CD4 + cells was 25.42±3.83% (Fig. 1B) . Next, the effect of PSK on Treg conversion was examined. The proportion (mean ± SE) of CD25 + Foxp3 + cells to CD4 + cells was 22.18±0.824% with 10 µg/ml of PSK, 8.74±1.98% with 100 µg/ml of PSK and 7.75±0.763% with 300 µg/ml of PSK (Fig. 1B) . These data indicate that PSK reduces the proportion of TGF-β-induced Tregs in a dose-dependent manner.
Depletion of Tregs suppresses tumor growth in Meth A-bearing mice.
To exam whether tumor growth is related to Tregs, BALB/c mice were inoculated subcutaneously with Meth A cells and then received intraperitoneal injections of the anti-CD25 antibody to deplete Tregs. In a preliminary study, when BALB/c mice were administered the anti-CD25 antibody, the Tregs were depleted immediately and recovered 7 days after injection (data not shown). Therefore, we administered the antibody once a week. Tumor growth was significantly suppressed by depletion of Tregs (Fig. 2) .
The anti-CD25 antibody did not directly affect the growth of Meth A cells in vitro. Therefore, the data of the present study suggest that depletion of Tregs in mice augments the activity of other immune cells and suppresses the growth of Meth A tumor cells in vivo.
PSK suppresses tumor growth in Meth A-bearing mice. We examined the effect of PSK on the growth of Meth A tumors. Tumor growth in mice treated with 50 mg/kg PSK was significantly suppressed compared to the saline control group (Fig. 3) .
PSK reduces the proportion of Tregs and increases the CD8/Treg ratio in Meth A-bearing mice.
We next attempted to examine the underlying mechanism by which PSK inhibits tumor growth. Since the growth of Meth A cells in vivo was related to Tregs, we investigated the proportion of Tregs and the CD8 + /Treg ratio in the spleen of Meth A-bearing mice with or without PSK treatment. Our results showed that the proportion of Tregs in the saline control group was significantly higher when compared to the proportion in the normal group, and PSK treatment decreased the proportion of Tregs significantly compared to the saline group (Fig. 4) .
In addition, the CD8 + /Treg ratio in the saline group was significantly lower when compared to this ratio in the normal group, and PSK treatment increased the proportion significantly when compared to the saline group (Fig. 5) .
PSK decreases the plasma TGF-β levels in the tumorbearing mice.
We also measured the plasma TGF-β levels in Meth A-bearing mice by ELISA. The concentration of TGF-β was 12.4 ng/ml in the saline group, 6.33 ng/ml in the PSK group and 3.52 ng/ml in the normal group. PSK treatment reduced the plasma TGF-β level significantly when compared to the level in the saline group (Fig. 6) .
These results suggest that the reduction in the blood TGF-β concentration by PSK reduces the proportion of Tregs in the spleen and enhances antitumor immunity.
PSK increases IFN-γ production by spleen cells in tumorbearing mice.
We also examined whether PSK increases tumor-reactive cells in tumor-bearing mice. Spleen cells collected from mice in the in vivo study were cultured with 
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MMC-treated Meth A in vitro, and the concentrations of IFN-γ in the supernatants were measured by ELISA. Spleen cells from PSK-administered mice showed significantly higher IFN-γ production when compared to the production in the spleen cells from saline-injected mice (Fig. 7) . These results suggest that PSK effectively increases the activity of tumorreactive cells in tumor-bearing mice.
Discussion
Clinical studies have demonstrated that PSK reduces the proportion of Tregs in the peripheral blood of gastric cancer (19) and colorectal cancer patients (20) . Therefore, we attempted to clarify the relationship between PSK and Tregs, and the mechanism by which PSK reduces Tregs, by conducting in vitro and in vivo studies. In the present study, we demonstrated that PSK suppressed the proportion of Tregs in vitro and in vivo. Moreover, we showed the possibility that PSK reduces Tregs through reducing the level of TGF-β.
There are various clinical approaches by which to abolish immunosuppression induced by Tregs (9, 10, 21) , such as depletion of Tregs with anti-CD25 antibodies. Daclizumab, the humanized anti-CD25 antibody, caused long-lasting depletion of Tregs and enhancement of anti-peptide immune responses in a peptide vaccination trial for breast cancer (11) . In the present study, growth of Meth A tumor cells in mice was also suppressed by depletion of Tregs with the anti-CD25 antibody. This finding shows that Tregs are absolutely essential for tumor growth. Many reports have shown that the anti-CD25 antibody is useful if administered before grafting of a tumor (21) . However, in the present study, the anti-CD25 antibody administered after subcutaneous inoculation of Meth A tumor cells was also effective. Therefore, the Meth A tumor-bearing mouse model may be sensitive to the depletion of Tregs. While therapy targeting Tregs is effective as mentioned above, the suppression of Tregs also produces adverse effects (9) and the anti-CD25 antibody depletes not only Tregs but also effector A B cells (10) . Therefore, the timing of antibody administration and the dose have to be considered carefully when Tregs are directly suppressed. On the other hand, since the present study suggests that PSK reduces Tregs probably not by direct action on Tregs but by indirect control via the reduction of TGF-β, PSK may offer an advantage over other direct depletion methods in terms of fewer adverse effects. TGF-β is known as an immunosuppressive cytokine and has been shown recently to play an important role in inducing Tregs and suppressing the functions of other immune cells via Tregs (22) . Plasma TGF-β levels and the proportion of Tregs in the spleen were increased in tumor-bearing mice than that in normal mice in the present study. On the other hand, plasma TGF-β levels and the proportion of Tregs in tumor-bearing mice administered PSK were not lower than those in normal mice. This result implies that the reduction in TGF-β concentration by PSK may reduce the population of TGF-β-induced Tregs in tumor-bearing host and enhance antitumor immunity.
Moreover, PSK treatment not only decreased the proportion of Tregs, but also increased the proportion of CD8 + T cells and IFN-γ production by spleen cells. These results indicate that PSK improves the immunosuppressive condition in tumor-bearing hosts. Lu et al (23) also reported an increase in the number of IFNγ-secreting tumor-specific T cells in PSK-treated tumor-bearing mice. However, it remains unclear which immune cells participated in the enhanced antitumor immunity in the present study. We are planning to identify the effector cells using depletion experiments by administering specific antibody to each immune cell type.
Recently, new anticancer immunotherapies have been evaluated in clinical studies (24, 25) . Cancer vaccines are one of these novel approaches, but their clinical efficacy is not yet sufficient (26) . One major reason is that Treg-induced immunosuppressive conditions interfere with cancer vaccine-induced immune responses to cancer. Therefore, it is important to control Tregs in cancer immunotherapies. In a murine osteosarcoma model, administration of the anti-TGF-β antibody combined with cancer vaccine therapy suppressed tumor volume and inhibited the accumulation of Tregs, inducing CD8 T cell infiltration in tumor tissues and Treg accumulation in the spleen (27) . Therefore, TGF-β blockade when combined with cancer vaccine is effective for the reduction of Tregs and is one of the most effective strategies in cancer immunotherapy.
In conclusion, the present study demonstrated that PSK suppressed Tregs in vitro and in vivo. In the future, identifying the effects of PSK on other immune cells would not only elucidate the mechanism of action of PSK, but also confirm the benefit of using PSK in combination with cancer vaccine therapies.
